Chalkbrood is a honey bee brood disease that often affects colonies that are already under stress. Control of the disease can be as simple as ensuring adequate ventilation and food sources or using clean beekeeping equipment. When the infection goes unchecked, however, the overall health and productivity of the colony is greatly decreased. Some strains of honey bees seem to be more troubled by the disease than others. Efforts to control rampant infections have not been widely accepted or successful. Identifying a genetic basis for resistance in the affected larvae would be useful for breeding for improved resistance in bee populations. We here show a statistically significant association between larval chalkbrood resistance and a genomic locus. Selective breeding for larval resistance can probably work in concert with breeding for desirable characteristics such that chalkbrood can become a negligible disease among managed colonies.
Introduction
The honey bee fungus Ascosphaera apis causes the development of chalkbrood, an infection that attacks larval honey bees between three and four days old (Flores et al., 1996) . The infection process, initiated by the ingestion of fungal spores through contact with contaminated nurse bees, occurs by germination of spores in the gut which eventually populate the lower abdomen and break through to the outer surface of the larva (Heath, 1982b) .The infection process kills through physical and physiological damage to the larva (Glinski and Buczek, 2003 ). The dead larvae appear "mummified" due to the eventual encapsulation of the corpse with a thick layer of white mycelium which desiccates over time and takes on a chalky appearance, hence "chalkbrood".
A wide range of treatments have been used to attempt to minimize or prevent the development of the disease, such as chemical pesticides, clean beekeeping practices, and natural inhibitory products, but little progress has been made in chalkbrood control.
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Chemical agents pose risks to the general health of colonies and may contaminate the honey crop with residual compounds (Hornitzky, 2001 ). Sanitary beekeeping practices have proved ineffective, as spores can remain viable for 15 years and can be found in honey, comb wax, and pollen (Flores et al., 2005; Heath, 1982a) . Natural controls such as antifungal compounds in essential oils (Davis and Ward, 2003) and fungal-inhibitory mechanisms in bacteria (Gilliam et al., 1997 , Gilliam et al., 1988 are showing promise in laboratory settings but have not been adopted by the industry.
Altering the genetic stock through selective breeding may decrease the prevalence or severity of infections. The normal colony response to chalkbrood is the removal of larval corpses through general hygienic behaviour (Invernizzi et al., 2011) . Hygienic behaviour is highly valued and subject to selection by beekeepers for responses to Varroa destructor mites and other brood-specific insults.
In the case of fungal diseases, however, the removal of infected "mummies" may, in fact, lead to the widespread distribution of spores throughout the colony. Alternatively, identification and selective breeding for genes responsible for resistance to chalkbrood in the larvae themselves (Invernizzi et al., 2009 ) may be the most effective means of control. To address a genetic basis of larval resistance, larvae were produced for a backcrossed resistant/susceptible population, brood comb was inoculated with spores, and infection was allowed to initiate. Larvae that exhibited fungal mycelia on the lower abdomen were classified as susceptible as opposed to healthy resistant brood. DNA was extracted from susceptible and resistant samples and subjected to SNP (single nucleotide polymorphism) analysis. We demonstrate through statistical associations between the resistant and susceptible phenotypes with marker genotypes that there is a genetic basis for chalkbrood resistance, and a potential to selectively breed for resistance in managed colonies. 
Materials and methods

Population development
Evaluation of resistance
A single-drone-inseminated queen was caged on brood comb which had been previously conditioned by worker bees. The queen was then transferred to a new area of conditioned comb and the aged cohort worker eggs were isolated to prevent further egg deposition on the experimental brood frame. A suspension of spores was generated by mixing 1 g of pulverized mummified larval corpses with 150 ml of a 1:2 (wt:v) sugar water solution and allowed to reconstitute for 30 min.
The spore suspension was sprayed onto the experimental brood frame containing <4 d old larvae, incubated at 35°C, 70% RH (RH) for 1 h and returned to the colony for 48 h to allow cell capping. The brood frame was then incubated at 18°C for 2 h to promote chalkbrood development, then 35°C, 70% RH for a minimum of 48 h in the absence of worker bees to prevent hygienic removal. Brood cells were uncapped and examined three times daily for the presence of chalkbrood mycelia on the lower abdomen. Susceptible larvae/pupae (those with mycelial development) were removed and individually frozen for subsequent DNA extraction. Resistant individuals were all those remaining that failed to exhibit mycelial development on three consecutive examinations after the last susceptible larva was observed. Resistant larvae were individually collected approximately 10 days after inoculation (24 h after the last susceptible individual was identified) for subsequent DNA extraction.
SNP analysis
Statistical associations between SNPs and the bimodal resistance trait were determined by several methods using mapping software as well as manual statistical analyses. LOD scores were determined by both the Haldane and Kosambi mapping functions in WinQTL Cartographer v2.5 (Wang et al., 2011) by Single Marker Analysis (SMA) and Interval Mapping (IM) set up for a backcrossed population. Data input for the software accounted for the bimodal trait by assigning a binary phenotype score and assigned an artificial map position based on marker order per chromosome rather than true genetic position.
Additionally, a manual determination of association p-values was performed for each marker and binary phenotype score by Student's t-test.
Results
Phenotyping for chalkbrood resistance at colony level and in the mapping population
Following a baseline assessment of pre-inoculated colonies, resistant colonies failed to develop chalkbrood over the 20 day evaluation, whereas susceptible colonies developed a range of infection in larvae.
While both Russian and commercial colonies exhibited resistant and susceptible phenotypes, Russian susceptible colonies developed much more severe infections with up to 6% of larvae infected whereas the most infected commercial colony exhibited less than half that (Table 1) . Maximum % infected larvae in a susceptible colony 6.09 2.4
Minimum % infected larvae in a susceptible colony .001 .01
Methods for inoculating the mapping population achieved appropriate ratios of susceptible versus resistant larvae. A total of 582 larvae were inoculated and scored for development of infection of which 380 (65%) were scored as resistant, and 202 (35%) were susceptible.
The ratio suggests that the experimental design and choice of queen/ drone sources were sufficient for generating a backcross mapping population. The last susceptible larva was identified approximately nine days after inoculation, and no more mycelial development was observed for the subsequent 24 hours suggesting that the remaining larvae were resistant. Several genes are in close proximity to the SNP associated with resistance that function in pathways already shown to respond during chalkbrood infection (Aronstein et al., 2010) . Sequence variation of the potential candidate NF-kappa-B related genes within our population of honey bee larvae may alter activation of this pathway resulting in differential resistance to chalkbrood.
SNP associations
The simple genetic basis of chalkbrood resistance in larvae suggests that minimal breeding efforts would produce a beneficial degree of control. Analysis of polymorphic markers defining the interval could be used for development of screenable haplotypes.
Pre-evaluation of potential breeding queens would ensure that resistance alleles are bred into managed colonies. Considering the success of identifying a genomic region important for chalkbrood resistance via SNP association, fine mapping is underway using additional polymorphic markers (SNPs, microsatellites) within the interval in an attempt to identify the causative gene for resistance.
Allelic diversity of the gene within and among the commercial and Russian populations can be analysed to predict the chalkbrood resistance potential already present in current breeding stocks.
Depending on the function of the gene(s) responsible for resistance, additional insults such as other fungal or bacterial infections could 162 Holloway, Sylvester, Bourgeois, Rinderer potentially be mitigated as well. Efforts are already made to breed for hygiene that combats the problem from the perspective of adult workers but the addition of Marker Assisted Selection (MAS) for resistance within the larvae themselves may render chalkbrood a rare or negligible honey bee disease.
